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SUBSONIC AERODYNAMIC HEAT TRANSFER To A SURFACE RECESSED 

WITBIN A FORWARD STAGNATION €EGION SLIT 

By Samuel J. Scott  

SUMMARY 

A f la t - faced cy l indr ica l  model w a s  t e s t ed  i n  a high-temperature, subsonic 
a rc  j e t  t o  invest igate  the  heat t r ans fe r  t o  a surface recessed within a s l i t  i n  
t he  forward face of the  model. Heat-transfer measurements w e r e  made f o r  various 
recession depths and varying amounts of air  injected over t he  recessed surface. 
Injected a i r  w a s  allowed t o  exit  through the  surface s l i t  i n to  the  t e s t  stream. 
Heat-transfer rates measured on t h e  model face and the recessed surface were com- 
pared t o  indicate  e f f e c t s  of recession depth and flow rate of injected air. Large 
reductions i n  heat-transfer rates t o  t h e  recessed surface were indicated and are 
presented as functions of recessed depth and rate of airflow. 

INTRODUCTION 

Many theo re t i ca l  and experimental invest igat ions have been conducted t o  
assess the  radiat ive and convective heat t r ans fe r  t o  bodies t rave l ing  a t  hyper- 
sonic speeds through an atmosphere. (For example, see refs. 1 t o  4.) Actual 
f l ight measurements of the  rad ia t ive  heat t r ans fe r  during hyperbolic reentry are 
desirable  t o  substant ia te  t heo re t i ca l  estimates. Instrumentation f o r  radiat ion 
measurements may require an op t i ca l  ffwindowll set i n  the forward face of the 
reentering body. However, available window materials transparent t o  radiat ion 
are unable t o  withstand the  reentry heating environment unless convective heat 
t r ans fe r  can be reduced loca l ly  a t  the  window. 

T o  explore the  p o s s i b i l i t y  of reducing heat t r ans fe r  t o  a s m a l l  portion of 
t he  leading surface of a vehicle,  an experimental invest igat ion w a s  conducted i n  
a 2500-kilowatt a rc  j e t  using a flat-faced cy l indr ica l  t es t  model. The model w a s  
designed t o  allow recession of a portion of t he  leading surface and in jec t ion  of 
air  over the recessed surface. Heat-transfer rates w e r e  measured on the  model 
face and t h e  recessed surface and compared t o  indicate  the  e f f e c t s  of recession 
depth and flow rate of injected air on heat t r ans fe r  t o  the  recessed surface. 
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SYMBOLS 

spec i f ic  heat of wal l  material ,  Btu/lb-OR cP 

i heat- t ransfer  rate, Btu/ft2-sec 

i r a t i o  of heat- t ransfer  rates 

r corner radius  of model face,  in.  

R radius  of model, in .  

t t i m e ,  sec 

T temperature, OR 

dT /dt 

+ 
temperature r i s e  r a t e ,  OR/sec 

rate of a i r f low through surface s l i t ,  lb/sec 

X distance along face of body from axis  of symmetry, in .  

Y recession depth, in .  

P densi ty  of w a l l  material ,  lb/cu in .  

7 w a l l  thickness at  thermocouple location, in .  

Sub s c r i p t s  : 

0 recessed surface of model 

S leading surface of model 

APPARATUS AND MODELS 

The 2500-kilowatt a r c  j e t  f a c i l i t y  of the  Langley Research Center described 
i n  reference 5 i s  a three-phase a-c powered jet  constructed of water-cooled 
copper. (See f ig .  1.) The magnetic-field c o i l s  provide a 1500-gauss f i e l d  a t  
the  concentric r ing  electrodes t o  ro t a t e  the a rcs  a t  approximately 360 revolutions 
per second. M r  i s  supplied a t  the  base of each small r ing  electrode and per- 
mitted t o  flow through the  annular space i n  which the a rc  ro ta tes .  The a i r  i s  
heated by the  a rc s  and e x i t s  t o  the  atmosphere through a 4-inch-diameter nozzle. 
The model was inser ted  2 inches downstream of the nozzle e x i t  by ro ta t ing  the  
support s t i ng  from a pos i t ion  outside the  t e s t  stream t o  the axial stream posi- 
t i o n  with hydraulic mechanisms. 
s t a t i c  temperature, approximately 7,000° R; atmospheric s t a t i c  pressure; dynamic 
pressure, 40 pounds per square foot ;  and a Mach number of 0.18. 

Stream conditions at  the model locat ion were: 
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Figure 1.- 2 ~ 0 - k i h w a t t  arc jet. L-62-99.] 
- 

A 3-inch-diameter cy l indr ica l  f la t - faced model constructed of 0.030-inch- 
th ick  Inconel with a r a t i o  of corner radius t o  body radius 
used f o r  tests. A photograph of the t e s t  model and components i s  shown i n  f ig -  
ure 2. Figure 3 presents an assembly and d e t a i l  schematic of the test  configu- 
ra t ion .  A s l i t ,  0.010 inch by 0.500 inch, w a s  cut  across the  stagnation region 
of the  leading face. A surface 0.030 inch thick, 0.020 inch wide, and 0.500 inch 
long w a s  instrumented with one thermocouple on the  rear surface, a l ined with the  
s l i t ,  and recessed a t  various depths behind the  model face.  Four thermocouples 
were spot welded t o  the  inside face of the  model as i l l u s t r a t e d  i n  f igure 3 .  
Sta in less -s tee l  tubing, 0.010-inch inside diameter, w a s  f i t t e d  i n  a groove cut i n  
the  cera.mic insulat ing block and Inconel support block and permitted in jec t ion  of 
air  normal t o  the  recessed surface length. (See f ig s .  2 and 3.) The Inconel 
support block, the ceramic insulat ing block, and t h e  recessible  surface w e r e  
designed t o  provide a press f i t  w i t h  each other. 

r / R  of 0.100 w a s  

The amount of airf low through the  steel tubing w a s  controlled and measured 
by a flowmeter. A Bourdon-tube gage w a s  used t o  measure the  l i ne  pressure a t  t h e  
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e x i t  point of the  flowmeter. 
were recorded by an oscillograph. 

Thermocouple outputs and cal ibrat ion def lect ions 

, 
i 
1 "  

t 
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.: ,- Inconel test model 
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Figure 2. - Model and components. L-63-1658 .1 

TEST PROCEDURES 

A l l  experiments were conducted at stream conditions previously described with 
Steady f l o w  propert ies  were established i n  the  

Pr ior  t o  each 

a t e s t  duration of 1 t o  3 seconds. 
stream before inser t ing  t h e  model t o  avoid the  e f f e c t s  of t rans ien t  s t a r t i ng  con- 
di t ions.  Inser t ion w a s  accomplished i n  l e s s  than 1/10 of a second. 
tes t  the depth of the recessed surface was set a t  a value of 0.020 inch, 
0.040 inch, 0.060 inch, or  0.080 inch below the  leading face of t he  model by 
inser t ing  0.020-inch shims between the  s t e e l  a l in ing  block and the  recessed sur- 
face support. The airf low r a t e  w a s  preset  a t  values ranging from 0 t o  approxi- 
mately 0.00035 pound per second and w a s  found t o  remain constant when monitored 
throughout a t e s t  run. A t  least three tes ts  f o r  each combination of var iables  
were made t o  determine repeatabi l i ty .  
allowed t o  cool t o  room temperature before fur ther  experiments were conducted. 

A t  t he  end of each t e s t  t h e  model w a s  
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S t e e l  t u b i n g  4 

R e c e s s i b l e  t h e r m o c o u p l e d  s u r f a c e  0.010 x 0.500 S I  

S e c t i o n  v iew 
p e r p e n d i c u l a r  t o  S I  i t  

S e a t i o n  v iew 
p a r a l l e l  t o  s l i t  

Figure 3.- Assembly and detail of test configuration. A l l  dimensions are in inches. 
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DATA REDUCTION 

The aerodynamic heat t r ans fe r  t o  t h e  model w a s  calculated from the equation 

where the  spec i f ic  heat i s  given as 0.11 Btu/lb/OF and the density i s  
0.300 lb/cu in.  
t he  equation reduces t o  

For the 0.030-inch-thick model surface and recessible  surface, 

The slopes of t he  temperature-time t r a c e s  
temperature-rise portion of t h e  oscillogram f o r  each run. 

dT/dt were measured f o r  the  i n i t i a l -  

Heat-transfer rates calculated f o r  the  model face and the  recessed surface 
were compared by means of the  r a t i o  

t o  indicate  the  e f f e c t s  of a i r f low rate and recession depth on recessed-surface 
he at  -t ran sf e r  rat e s . 1 

For a l l  t es t s  the  heat-transfer rates measured a t  the model face varied no 
more than 5 percent from a value of 85 Btu/sq f t / sec .  
s t an t  value of 85 Btu/sq f t / sec  f o r  
r a t i o  i. 

Consequently, a mean con- 
as w a s  used i n  a l l  calculat ions of the 

RESULTS AND DISCUSSION 

The r a t i o  of recessed-surface and leading-face heat-transfer rates 6 i s  
presented i n  figure 4 as a function of a i r f low rates f o r  various recession depths. 
The data indicate  reasonably good repea tab i l i ty  f o r  approximately similar airf low 
rates and test-stream conditions. Some sca t t e r  can be noted a t  r e l a t ive ly  low 
flow r a t e s  and small recession depths. A composite replot  of the  curves given i n  
f igure 4 i s  presented i n  f igure  fJ t o  f a c i l i t a t e  comparison of data a t  the  various 
recession depths. I n  general, heat t r ans fe r  t o  the  recessed surface decreased as 
the  airflow w a s  increased f o r  each recession depth. With no airflow, the  heat 
t r ans fe r  t o  the  recessed surface decreased with increased recession depth from 
0.020 inch t o  0.060 inch, and then increased with f i r ther  recession t o  0.080 inch. 
With airflow, recessed surface heat-transfer rates did not always decrease f o r  
l a rge r  recession depths. These apparent inconsistencies may be pecul iar  t o  t h i s  
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Figure 4.- Heat-transfer r a t i o  plot ted against airflow f o r  various recession depths. 
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Heat t r ans fe r  t o  t h e  model and recessed surface due t o  radiat ion from the  
hot gases and arcs  w a s  evidently less than 5 percent of t he  t o t a l .  
ca tes  t ha t  the  lowest recessed-surface heat-transfer rate measured w a s  approxi- 
mately 5 percent of the  stagnation value. 
t r ans fe r  was neglected because of  i t s  apparently s m a l l  contribution and the  d i f -  
f i c u l t i e s  involved i n  assessing re la ted  f ac to r s  such as surface emissivi t ies  of 
t he  model and recessed surface and the  e f f e c t s  of electrode material  contamination 
on the  emissivity of t h e  t e s t  stream. 
the  s l i t  were p a r t i a l l y  blocked by the  ex i t ing  airflow. 
f o r  most of the  heat-transfer-rate reduction as evidenced i n  the  experimental 
data.  

Figure 4 indi-  

Thorough investigation of radiant heat 

Hot test-stream gases attempting t o  enter  
This condition accounted 

pa r t i cu la r  configuration but were 
not investigated fur ther  since the  
only requis i te  fo r  tes ts  presented 
herein w a s  seduction i n  heat- 
t r ans fe r  rates. A recession depth 
of 0.060 inch gave comparatively 
lower recessed-surf ace heat - 
t r ans fe r  rates at a l l  airflow 
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The combination of recession depth and airflow rate showed substant ia l  reduc- 
t i o n s  i n  heat-transfer rates. Heat-transfer rates t o  recessed surfaces were l e s s  
than 10 percent of the stagnation value f o r  par t icu lar  combinations. 

CONCLUDING REMAFKS 

Heat-transfer r a t e s  were measured on a surface recessed within a s l i t  i n  the  
forward face of a 3-inch-diameter cy l indr ica l  f la t - faced model exposed t o  a high- 
temperature subsonic t e s t  stream. Comparison with the  model-face heat-transfer 
rates indicated reductions i n  heat-transfer r a t e s  t o  the recessed surface which 
were dependent on the recessed depth and amount of a i r  injected over the  surface. 
The var ia t ion  with recession depth of heat-transfer r a t e s  t o  the recessed surface 
showed confl ic t ing trends a t  d i f fe ren t  airflow ra tes .  H e a t  t ransfer  t o  the  
recessed surface generally decreased with increased airflow a t  a l l  recession 
depths. I n  some instances, the heat t r ans fe r  t o  the recessed surface w a s  reduced 
t o  l e s s  than 10 percent of the model forward stagnation value. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va. ,  August 28, 1963. 
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